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OW-PROFILE  ANTENNA  PERFORMANCE  STUDY 


PART  I:  EFFICIENCY  AND  BANDWIDTH  CHARACTERISTICS 

I.  INTRODUCTION 

An  antenna  is  usually  an  easily-identified  device,  which  if  spotted  by 
an  enemy  not  only  can  compromise  a position,  but  also  can  indicate  the  type 
of  communication  post  in  operation.  For  Army  tactical  radio  communication 
systems,  there  has  been,  and  remains,  a critical  requirement  for  low-silhou- 
ette, nigh-efficiency  antennas  with  dimensions  significantly  smal ler  than  a 
quarter-wavelength  at  the  operating  frequency.  Recently,  another  requirement 
has  been  added  for  some  applications:  broadband  operation,  either  on  an  in- 

stantaneous basis  or  by  means  of  electronic  tuning. 

The  major  communication  channel  utilized  by  the  Army  is  the  VHF  band  from 
30  to  76  MHz.  There  are  only  a few  standard  antennas  being  utilized,  none 
of  which  combine  all  the  necessary  electrical  and  physical  characteristics 
mentioned  above.  In  fact,  with  the  exception  of  one  3'  whip,  none  of  the 
antennas  presently  used  is  small  compared  to  a quarter-wavelength. 

This  three-part  series  on  electrical ly-smal 1 passive  antennas  provides 
a review  of  the  literature  and  a summary  of  the  current  state-of-the-art. 

In  addition,  several  recent  designs  and  techniques  which  may  improve  the  per- 
formance of  small  antennas  will  be  examined.  (Active  antennas  which  incor- 
porate active  devices  as  part  of  the  radiating  structure  may  be  a solution 
to  the  problems  to  be  discussed.  Good  reviews  of  recent  active  antenna  tech- 
niques are  available  [1J,  [2J.  A selected  bibliography  is  also  included  In 
Part  III  of  the  present  series.) 

This  report.  Part  I,  deals  with  a review  of  some  well-established,  basic 
methods  to  improve  the  efficiency  of  small-sized  antennas  as  well  as  a dis- 
cussion on  bandwidth  limitations.  Part  II  will  contain  a survey  of  published 
broadband  techniques  for  antennas;  also  included  will  be  some  numerical  mod- 
eling results  for  several  small  antenna  configurations;  experimental  results 
for  a folded,  loaded  antenna  will  also  be  presented,  and  there  will  be  a dis- 
cussion concerning  a recently-disclosed  low-profile,  broadband  antenna  [3]. 
Part  III  will  be  a selected  bibliography  on  small  antennas,  from  which  It 
is  hoped  other  researchers  on  small  antennas  will  derive  benefit. 


[1]  Proceedings  of  the  EC0M-AR0  Workshop  on  Electrically  Small  Antennas, 
Editors:  G.  Goubau  and  F.  Schwering  (May  6-7,  1976,  Fort  Monmouth, 

NJ),  October  1976,  240  pp.  (AD  A031845). 

[2J  Proceedings  of  the  AP-S  International  Symposium,  1976  (Oct  11-15,1976, 
Amherst,  MA),  613  pp.  (IEEE  Catalog  No.  76CH1121-3AP;  Library  of  Con- 
gress Catalog  No.  66-9399. 

[3]  G.  Goubau,  "Multi -element  nionopole  antennas,"  Proc.  of  EC0M-AR0  Work- 
shop on  Electrically  Small  Antennas  (Fort  Monmouth,  NJ,  6-7  May  1976), 
Editors:  G.  Goubau  and  F.  Schwering,  October  1976,  pp.  63-67  (AD  A03- 
1845). 
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In  tnese  reports,  we  will  restrict  our  discussion  to  the  30-76  MHz  band,  I 

since  this  Dane  is  of  primary  importance  to  the  Army.  It  should  be  made  clear, 

however,  that  in  principle,  our  discussion  is  applicable  to  other  frequencies;  j 

although  at  tne  higher  frequencies,  antennas  are  physically  smaller  at  reso-  ; 

nance.  We  wish  to  examine  not  only  high-efficiency  antennas,  but  also  broad-  1 

band  antennas  of  small  size  ana  low  profile.  (We  consider  antennas  to  be 
smal 1 or  of  low  profile  when  their  maximum  dimension  is  one-tenth  of  a wave- 
length or  less. ) 

i_.  U ISCL‘53  Iil.N 

A.  Present  Army  VHF  Antennas 

At  the  present  time,  the  Army  uses  four  standard  VHF  antennas:  (1)  The 

AB-1729:  a 10'  high,  center-fed  dipole  antenna,  which  covers  the  30  to, 76 

Mhz  range  in  10  switched  bands.  It  is  a very  efficient,  vertically-polarized 
radiator  and  is  used  on  jeeps,  trucks,  tanks,  armored  carriers,  and  shelters. 

(A  6'  version,  the  AS-2731,  is  scheduled  as  its  replacement;  (J)  The  RC-292 : 
a standard,  fixed  installation  VHF  antenna,  which  is  a broadband  10'  modified 
ground  plane  antenna.  By  changing  the  length  of  the  four  whip  elements  of 
this  antenna,  the  entire  VHF  range  can  be  covered;  three  such  changes  are 
necessary.  (To  eliminate  element  changing,  a modification  procedure  to  make 
the  RC-292  a biconical  antenna,  is  being  distributed  to  users  in  the  field. 

The  UE-254,  also  a biconical  antenna,  has  been  type-classified  and  will  even- 
tually replace  the  RC-292  and  any  modified  RC-292's  in  the  field.);  (3)  The 
AT-271A/PRC:  a 9'  collapsible  manpack  antenna.  This  antenna  is  untuned  and 

not  very  efficient  below  about  60  MHz;  (4)  The  AT-B92/PRC:  also  a manpack 

whip.  At  3'  in  length,  it  is  the  only  antenna  which  is  small  compared  to 
a quarter-wavelength.  It  is  untuned  and  very  inefficient,  except  at  the 
high-frequency  end  of  the  band.  (Both  of  these  untuned  manpack  whip  antennas 
are  strongly  affected  by  their  surroundings.)  A development  program  to  re- 
place the  latter  two  antennas  is  in  progress. 

The  AS- 1729  is  large  and  highly  efficient?  however,  it  has  narrow  instan- 
taneous bandwidth,  and  thus  requires  a complicated  switched  tuning  system. 

The  RC-292  is  large,  inefficient,  and  clumsy  to  handle,  but  relatively  broad- 
band. Unfortunately,  its  replacements  are  also  large  and  clumsy  to  handle, 
but  they  have  much  wider  bandwidths,  which  alleviates  some  of  the  handling 
problems.  The  current  manpack  whips  are  extremely  inefficient  narrow-band 
antennas,  that  mjst  be  excited  against  the  small  metal  case  of  the  present 
manpack  radio.  These  antennas,  as  mentioned  above,  are  extremely  susceptible 

to  changes  in  their  surroundings.  These  difficulties  are  not  expected  to  1 

be  markedly  improved  in  future  sets,  since  the  overall  size  of  the  system 

will  remain  small  compared  to  a wavelength.  4 

. 

The  visibility  and  vulnerability  of  the  antennas  just  discussed  become 
critical  problems  when  mounted  on  vehicles,  especially  armored  vehicles. 

Most  Army  vehicles  are  of  the  order  of  one  to  three  wavelengths  in  size, 
and  therefore  should  provide  good  electrical  support  for  antennas,  especially 
small  antennas  operating  at  30-76  MHz  range.  It  is  in  the  area  of  vehicular 
antennas  that  some  good  progress  can  be  expected,  not  only  from  new  antenna 

conf igura t ions , but  possibly  also  from  the  exploration  of  techniques  for  in-  J 

tentional  excitation  of  vehicles.  1 


J 


.] 
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B.  Small  Antennas 


(1)  Review  of  desireo  electrical  and  mechanical  characteristics.  For 
Army  applications,  the  bandwidth  to  be  covered  is  30-80  MHz,  i.e.,  a little 
less  than  a 3:1  ranye.  It  is  desirable  that  this  frequency  range  be  covered 
witnout  tuning,  or  if  bandswi tchiny  must  be  used,  in  two  or  three  switched 
bands,  Uf  course,  a continuously  tuned  antenna  still  is,  and  will  be,  needed 
in  some  situations  )e.g.,  chancing  environments  where  the  antenna  must  be 
'-etuneu  to  adapt  to  its  surroundings).  Devices  for  such  applications  are 
either  already  available  or  are  being  investigated  at  the  present  time.  How- 
ever, a broadband  antenna  of  simple  and  reliable  design  is  still  needed  for 
most  Army  applications. 

A broadband  antenna  must  also  be  an  efficient  radiator,  since  the  Army 
communicates  in  the  VHF  band  with  limited  RF  power  (£40  watts)  and  must  cover, 
in  some  cases,  a 10-to  15-mile  range,  In  the  past,  broadband  antennas  have 
appeared,  but  in  many,  efficiency  anu,  therefore,  range  have  been  traded  off. 

The  most  important  characteristic  which  limits  both  the  bandwidth  and 
efficiency  is  size.  By  all  currently-known  theories,  a small  antenna  (dimen- 
sions z0.1\)  is  a narrow-band,  low-efficiency  radiator.  However,  in  the  de- 
sign of  Army  antennas,  the  term,  "small  antenna"  has  very  often  been  a mis- 
nomer for  "reduced  height  antenna."  In  other  words,  if  the  true  constraint 
is  on  heignt  rather  than  on  overall  size,  it  may  be  possible  to  achieve  ef- 
ficient broadband  radiators  of  "low  profile"  or  "reduced  height"  at  the  ex- 
pense of  increased  volume.  A very  recent  antenna  design  exploits  this  approach 
L 3 J . 

Most  VHF  antennas  presently  used  by  the  Army  have  vertically  polarized, 
omnidirectional  radiation  patterns  in  the  azimuthal  plane.  A small  vertical 
radiator  also  has  such  characteristics.  However,  for  the  VHF  band,  the  mount- 
ing platform  may  be  very  important  to  the  electrical  performance  of  such  a 
small  antenna.  Platform  size  may  be  comparable  to  a wavelength  and  thus  cause 
significant  distortion  in  the  radiation  pattern.  Therefore,  a knowledge  of 
platform  effects  is  also  important  in  the  design  of  small  antennas.  There 
are  some  cases  in  which  a directive  pattern  may  be  desirable,  or  perhaps  even 
necessary.  In  other  cases,  it  may  also  be  necessary  to  "steer"  the  pattern 
into  a desired  direction.  In  all  cases  where  directivity  is  needed,  several 

radiating  elements  and  the  associated  phase  shift  and  amplitude  control  cir-  j 

cuitry  are  necessary.  In  this  report,  such  complexities  will  not  be  consid-  ! 

ered. 

i 

There  are  several  other  characteristics,  which  although  of  lesser  impor-  ‘ 

tance,  should  also  be  mentioned:  survi vabi 1 i ty , mounting  ease,  mechanical 

simplicity,  weight,  and  cost. 


[3]  G.  Goubau.  (See  Footnote  on  p d). 
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>0  V-tf  antenna  presently  used  by  the  «rmy  combines  all  the  characteris- 
tics Described  above  in  a single  unit,  in  fact,  it  is  not  a certainty  that 
such  an  antenna  can  ever  be  achieved.  The  first  tnree  paraiueters— bandwidth, 
efficiency,  and  side — ana  ways  to  improve  them,  will  be  examinee  in  the  fol- 
lowing sections  of  this  report. 

Uj  efficiency  of  resonant  aiiu  non-resonant  antennas.  The  efficiency 
01  an  antenna  is  strongly  dependent  on  its  resonant  condition.  Consider  the 
A/-  antenna  or  rig.  la.  Tris  is  the  common  resonant  monopole  excited  against 

AM  CNN  A APPROX  IMATt  LQUIVALL  NT  CIRCUIT 
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Fig.  la.  Resonant  monopole  antenna. 


a ground  plane.  If  this  antenna  is  very  thin,  the  current  distribution  is 
nearly  sinusoidal  and  the  structure  has  a natural  resonance  at  approximately 
the  length  shown. 

If  we  assume  that  the  metal  wire  forming  the  whip  has  negligible  losses, 
the  only  loss  in  the  system  will  be  the  so-called  radiation  resistance. 

If  the  generator  is  matched  to  this  resistance,  R(wp),  all  of  the  available 
power  will  be  radiated,  and  tne  efficiency  will  be  TOO ' . 

If  we  reduce  the  antenna  length  to  0.1A,  as  in  the  case  of  Fig.  lb,  the 


T 


n u . 1 \ 


Current  Amplitude 
I \ Distribution 


,:t_ 


Image 


Far  from  First 
Natural  Resonance 


Fig.  lb.  Non-resonant  small  antenna. 
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antenna  will  be  far  t'rons  a natural  resonance;  the  current  distribution  will 
be  almost  linear;  and  its  amplitude  will  be  much  lower  than  that  for  the 
^ase  shown  in  fig.  la.  The  equivalent  circuit  then  simplifies  to  a frequency- 
dependent  resistance  (radiation  resistance)  in  series  with  a frequency-depend- 
ent capacitance  of  small  value.  The  capacitive  reactance  will  be  much  greater 
than  the  resistance;  hence,  much  less  power  can  be  delivered  from  the  generator 
Again,  all  losses  in  the  conductor  art  neglected.  The  overall  efficiency 
in  this  case  may  be  only  a few  percent. 

The  antenna  ot  My  lb  is  not  resonant.  To  induce  resonance,  an  inductance 
may  be  added  in  series  with  the  antenna  and  the  generator.  As  shown  in 
fig.  lc,  the  locatiuti  of  this  inductance  (i.e.,  above  the  around  at  some 


•/ 


Fig.  lc.  Resonated  short  antenna. 

point  in  the  antenna  structure,  or  completely  below  the  ground  plane)  affects 
the  overall  efficiency  of  the  system  In  any  case,  this  inductance  does 
two  things  to  the  system:  (1)  A resonant  circuit  is  achieved  if  L is  chosen 
properly,  and  (b)  A resistance  which  consumes  power  and  dissipates  it  in 
the  form  of  heat  rather  than  in  the  form  of  KF  radiation  is  added  to  the 
system.  The  location  of  L in  the  radiating  structure  affects  the  value  of 
the  radiation  resistance  R(„,)  in  the  sense  that  the  current  distribution  along 
the  antenna  is  modified  as  shown  in  Fig.  lc.  in  fact,  the  distribution  be- 
comes approximately  constant  over  a portion  of  the  antenna.  In  the  past, 
it  was  found  empirically,  arid  more  recently  verified  by  computer  |4J,  that 
with  regard  to  efficiency  an  optimum  location  for  this  inductance  is  about 

four-tenths  of  the  length  of  the  antenna  above  the  ground  plane.  ■' 

In  general,  the  inductance  must  be  changed  if  the  antenna  is  to  resonate  u 

at  a different  frequency.  (This  is  the  basic  tuning  technique  used  when  op-  * 

erating  over  a band  of  frequencies.)  However,  the  radiation  efficiency  of  J 

this  inductively-loaded  antenna, 

’ 1 ...  . (D  j 

R ( ■ l + R L J 


1 4 1 R.C.  Hansen,  "Lfficiency  o»  Matchin.;  Tradeoffs  for  Inductively  Loaded 
Short  Antennas,  ILLL  Trans,  on  u . ; , \,ul.  dOM-.d , -4,  Apr  ,'S,  pp.  430- 
4do. 


i-  still  small  \ i n practice,  of  the  oraer  of  10  at  the  lower  end  of  the 
ta.nj).  The  overall  system  efficiency  will  still  be  very  low,  because 
tne  generator  and  the  antenna  will  usually  be  mismatched,  i.e.,  the  total 
available  power  will  not  be  delivered  to  the  load.  In  general,  the 

in  the  equivalent  circuit  of  Fig.  lc  represents  all  the  losses  present 
in  tre  circuit,  except  the  rauiation  loss. 


i 

1 


loading  ;,as  snewn  in  Mrs.  .a  and  tL>)  is  another  traditional  approach 


P 


towards  achieving  a fairly  high  efficiency  in  a relatively-small-sized 
antenna.  Note  that  the  current  distribution  in  these  structures  is  almost 
constant.  This  feature,  i.e,  constant  current  distribution,  and  the  reso- 
nance condition  are  seen  to  be  key  factors  in  achieving  reasonable  efficiency 
in  a small  antenna;  the  incorporation  of  network  elements,  i.e.,  capacitors 
and  inductors,  into  the  radiating  structure  is  another  technique  that  yields 
favorable  results. 


(3)  The  importance  of  tuning  and  matcning  networks  for  efficiency.  It  - 

seems  clear  that  it  is  not  the  radiating  element  that  is  inefficient,  but  j 

the  tuning  and  matching  networks  needed  to  resonate  the  antenna  and  match  i 

it  to  the  generator  that  contribute  directly  to  the  inefficiency  of  small 
antennas.  The  antenna  itself  contributes  only  indirectly,  by  possessing 
an  input  impedance  which  usually  necessitates  the  use  of  inductors  and  capa- 
citors with  values  such  that  the  limits  of  practical,  low-loss  circuit  ele- 
ments are  exceeded.  To  illustrate  this  point.  Tables  I and  II  have  been 

TAI'.LI  I 

Input.  Impedance  and  I 1 1 »c  iency  of  Very  Short  (upper  Stub 
Over  Infinite  (iround  Plane.  Diameter  of  Stub  is  3.3  x 10  \ . 


Length  of  Stub 
(wavelengths ) 

Input  Impedance 

Efficiency 
(lossless 
network ) 

With  Tuning  Coil 
Q=1 00  Q=400 

0.00159 

0.0009-J9759 

84.9% 

9.7xl0_6‘ 

t 3.9xl0~5' 

0.00319 

0.0033-J6546 

91.2 

4.9xl0"5 

1.9x10-4 

0.00478 

0.0097-j4757 

93.9 

2.0x1 5-4 

8.1x10-4 

0.00637 

0. 01 51  — j 3901 

95.7 

3.8x10-4 

1.5x10-3 

0.00796 

0.024 1 - j 3365 

96.5 

7.1x10-4 

2.9x10-3 

0.00955 

0.0351  — J2971 

97.1 

1.2x10-3 

4.7x10-3 

0.01114 

0.0482-J2669 

97.5 

1.8x10-3 

7.2x10-3 

0.01273 

0.0634-j2429 

97.8 

2.6x10-7 

10.4x10-3 

0.01433 

0.0807-j2235 

98.9 

0.004 

0.014 

0.01592 

0. 1 000- j 2071 

98.2 

0.005 

0.019 

TABLE  II 

Input  Impedance  and  Efficiency  of  Small  Copper  Loop  with 
One  Turn.  Diameter  of  wire  is  3.3xl0_4x. 


Ci  rcumference 

Input  Impedance 

Lossless 

Effi ciency 
Tuning  Cap 

Tuning  Cap 

N 

J 

of  Loop 

of  Loop 

Tuner 

Q=1 000 

Q=4000 

i 

i 

(Wavelengths ) 
0.01 

0.0035+j  4.50 

0.06% 

0.027 

0.03% 

j 

0.02 

0.0071 +J22.75 

0.4 

0.11 

0.25 

0.03 

0.0108+j38.25 

1.5 

0.33 

0.79 

0.04 

0.01 38+j55.23 

3.5 

0.74 

1.81 

0.05 

0.192  + j 73. 75 

6.6 

1.37 

3.  38 

0.06 

0.0243+j92. 33 

10.9 

2.71 

5.59 

0.07 

0.0  305+ j 1 12. 36 

16.4 

3.50 

8.5  3 

0.08 

0.0382+jl  33. 1 9 

22.7 

5.06 

12.13 

0.09 

0.0477+jl 54. 77 

29.6 

6.91 

16.20 

0.10 

0.0598+jl 77.28 

36.8 

9.28 

21.13 
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extracted  from  a report  by  Ohio  State  University  [5j.  The  conduction  losses 
or  the  wires  used  for  tne  radiating  structures  have  been  included  in  the 
calculations,  which  is  why  the  efficiency  in  the  lossless  matching  network 
columns  is  not  1004..  Table  1 gives  the  efficiency  of  an  extremely-short 
stub  antenna  tuned  by  using  a high  quality  (Q  = 400)  or  a low  quality  (Q=  100) 
inductance  of  proper  value  to  resonate  the  stub.  These  Q values  are  achiev- 
able in  practical  coil  designs.  Corresponding  data  is  given  in  Table  II 
’or  a loop,  whose  diameter  was  roughly  twice  the  height  of  the  stub,  but 
.I'.'ll  extremely  small  The  loop  was  tuned  by  using  capacitors  with  Q's  of 
... /o  a-u.  4000.  In  general,  it  is  easier  to  construct  low-loss  capacitors 
th.’r  >t  is  to  construct  low-loss  inductors. 

It  car,  be  seen  from  these  tables  that  there  was  a dramatic  difference  in 
efficiency  as  a result  of  changing  from  low-Q  to  high-Q  elements.  The  greater 
efficiency  of  the  loop  over  that  of  the  stub  was  even  more  dramatic,  although 
tne  conduction  losses  of  the  loop  were  greater  than  those  of  the  stub  (as 
evidenced  by  a comparison  of  the  efficiencies  using  lossless  tuners). 

Tne  data  tenas  to  indicate  that:  (1)  for  low  losses,  an  all-capacitator 

tuning  network  is  desirable,  and  (2)  since  the  loop  has  the  proper  input  im- 
: ecu. nee  to  use  capacitive  elements  effectively,  the  loop  will  always  be  more 
e”' icient,  granting  its  larger  size  and  the  need  for  tuning  networks. 

There  are,  however,  other  characteristics  of  the  loop  (to  be  discussed  in 
succeeding  sections)  which  may  make  it  less  attractive.  Also  not  considered 
in  these  cables  is  the  transformation  which  is  necessary  to  bring  the  value 
of  the  real  part  of  eacn  antenna  (at  resonance)  to  that  of  the  input  impedance 
of  tne  generator,  resulting  in  the  transfer  of  maximum  available  power.  It 
will  be  seen,  however,  that  at  a specific  frequency,  a rather  simple  network 
can  be  used  to  accomplish  transformation. 

(4)  The  bandwidth  of  small  antennas. 


(a)  Overview:  During  the  ECOM-ARO  Workshop  on  Small  Antennas,  [1],  two 

fundamental  questions  were  raised:  Is  there  a basic  limitation  on  the  band- 

width of  an  antenna  as  a function  of  its  size?  And,  if  such  a limitation 
exists,  what  is  the  underlying  principle? 

.n  the  previous  section,  we  saw  that  the  efficiency  of  a small  antenna 
can  be  increased  by  using  certain  loading  techniques.  In  general,  utiliza- 
tion of  these  techniques  increases  the  instantaneous  bandwidth  over  which 
efficient  operation  is  achievable,  because  the  difference  between  the  elec- 
tric and  magnetic  stored  energy  is  decreased. 


(5)  C.H.  Walter,  E.H.  Newman,  Ohio  State  University  Electroscience  Lab, 
USAMC  Contract  #DAAG-39-72-C-0041 , Rpt.  #HDL-TR-041-1 , Feb  1974. 

[1]  Proceedings,  ECOM-ARO  Workshop  on  Electrically  Small  Antennas  (see  p.2). 
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A.  Alford  [6J , has  provided  an  elegant  description  of  an  antenna  used  as 
a transformer  for  converting  guided  electromagnetic  waves  into  free-space 
waves.  If  this  transformation  is  accomplished  on  a gradual  basis,  e.g., 
via  an  exponentially  tapered  structure  (see  Fig.  3)  a broadband  response 
is  achieved,  viewed  in  terms 
of  maintaining  a specified 
input  impedance  range.  If, 
however,  there  are  abrupt 
variations  in  the  dimensions 
of  the  structure,  energy  is 
reflected  back  toward  the 
source.  This  reflection 

and  any  other  reflec- 
tion points  in  the  transmis- 
sion path  given  rise  to  un- 
wanted resonances  and  make 
the  structure  frequency-sen- 
sitive. Alford  points  out, 
however,  that  the  structure 
of  his  antenna  (Fig.  3)  can 
De  "distorted"  into  many 
shapes  while  still  maintain- 
ing a reasonably  gradual 
taper.  He  notes  that  for 
minimum  reflections,  the 
final  opening  or  aperture 
should  be  of  the  order  of 
a wavelength.  In  the  case 
of  snail  antennas,  such  as 
those  being  considered  in 
this  report,  the  change  from 
transmission  line  to  free 
space  is  usually  very  abrupt. 

Large  reflections  occur,  and 

so  the  bandwidth  is  extremely  narrow.  The  question  then  arises:  Is  it 

possible  within  the  constraints  of  a maximum  dimension  of  0.1a  to  build 
an  antenna  with  broad  bandwidth? 


(according  to  A.  Alford  [6]). 


In  the  discussion  of  the  efficiency  of  small  antennas,  it  was  seen  that 
the  Q of  the  tuning  elements  exerted  a great  influence  on  the  efficiency. 
The  Q is  also  a measure  of  the  bandwidth  of  a network  and  is  defined,  for 
high  Q values,  in  approximation,  as 


U - f0A»f  , (2) 

where  f is  the  resonant  frequency  of  the  circuit  and  f is  the  difference 
between  two  frequencies  in  the  vicinity  of  f ; here  half  the  power  being  de- 
livered to  the  circuit  is  reflected.  However,  with  this  definition  of  Q, 


1 6 j A.  Alford.  Very  High  Frequency  Techniques,  hew  York:  McGraw-Hill  1947. 
Chapter  1. 
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the  resulting  VSWR  at  the  band  edges  exceeds  5:1.  For  Army  equipment,  a 
VSWR  _3:1  is  usually  considered  acceptable;  thus,  the  bandwidth  determined 
from  Eq.  (2),  underthe  3:1  VSWR  constraint,  is  even  smaller  than  and  the 
Q value  greater  than  that  based  on  the  half  power  constraint. 

A second  definition  of  Q is  usually  made  in  terms  of  the  impedance  pa- 
rameters, i.e., 

Q = ;x|  (3) 

R 

where  jxj,  is  the  reactance  of  a circuit  and  a measure  of  the  stored  energy, 
and  R represents  the  losses  or  dissipated  power.  The  reactance  |X|  is,  really, 
the  difference  between  peak-electric  and  magnetic-stored  energy.  In  the 
snail  antennas  considered  in  Fig.  1,  the  stored  energy  is  almost  entirely 
electric  because  of  the  large  capacitive  reactance.  Thus  the  value  of  Q 
from  Eq.  (3)  is  very  large,  especially  since  the  radiation  resistance,  R, 
of  the  small  antennas  considered,  is  much  less  than  1.  As  seen  from  Eq. 

(2) ,  the  resulting  bandwidtn  is  extremely  narrow.  However,  |X|  represents 
the  difference  between  the  electric  and  magnetic  energy  stored  in  a system, 
and  has  been  pointed  out  elsewhere  [7],  it  may  be  entirely  possible  to  main- 
tain extremely-high  electric  and  magnetic  stored  energy  in  a system,  while 
tr.eir  difference  remains  small.  Consequently,  in  the  sense  of  Eqs.  (2)  and 

(3) ,  it  may  be  possible  to  have  a large  bandwidth  even  in  a small  antenna 
where  the  energy  storage  is  usually  high,  insofar  as  an  antenna's  input  im- 
pedance variation  can  be  represented  over  a band  of  frequencies  by  an  equiva- 
lent circuit,  Eq.  (3)  is  meaningful.  However,  it  will  be  shown  that  when 
used  to  determine  the  bandwidth  of  an  antenna,  Eq.  (2)  is  a very  poor  approx- 
imation. 

(b)  The  Bandwidth  of  Stub-  and  Loop  Antennas:  It  was  mentioned  earlier 

that  for  a given  frequency  there  is  a simple  network  which  can  provide  the 
transformation  necessary  for  a perfect  match  between  an  antenna  and  the  gen- 
erator. This  network  is  called  an  L-network.  Typical  L-network  configura- 
tions for  matching  electric  and  magnetic  dipoles  to  a source  or  load  are 
shown  in  Fig.  4.  In  order  to  estimate  the  bandwidth  of  an  antenna,  we  con- 
sider the  following  problem  encountered  in  matching  the  stub  or  loop  when 
an  L-network  is  used.  If  we  know  the  input  impedance  variation  of  the  stub 
or  loop  antenna,  the  required  impedance  variation  for  the  two  elements  of 
the  L-network  can  be  calculated  to  achieve  the  desired  match  conditions. 

The  input  VSWR  after  matching  is  allowed  to  be  as  great  as  3:1.  Then  the 
network  element  impedance  variations  are  compared  to  those  of  realizable, 
passive  capacitor-and  inductor  elements.  By  this  comparison  procedure,  we 
can  determine  the  achievable  bandwidth  of  an  antenna  in  combination  with 
an  L-network  consisting  of  lossless  elements.  The  bandwidth  thus  determined 
can  be  compared  with  the  bandwidth  values  found  by  using  Eqs.  (2)  and  (3) 
and  the  antenna  input  impedance. 

The  operation  of  tuning  and  matching  the  L-network  is  described  in  Ap- 
pendix 1,  along  with  the  derivation  of  the  equations  needed  to  determine 
the  quantities  aescribed  in  the  above  problem. 


i 7 ] Editors'  Comments,  Proc  of  the  ECOM-ARO  Workshop  on  Electrically 
Small  Antennas,  Ed:  G.  Goubau  and  F.  Schwering  ^Fort  Monmouth,  NJ, 
6-7  May  1976)  October  1976,  pp.  228-229  (AD  031845). 


A moment-method  solution  [8J  of  the  input  impedance  of  stub-  and  loop 
antennas  provides  accurate  results  upon  which  to  base  the  bandwidth  calcula- 
tions. (Experimental ly  accurate  results  are  not  easily  attainable,  due  to 
the  extremely  small  resistance  values  in  combination  with  large  reactance 
values  for  the  small  antennas  beiny  considered).  The  resistance  and  react- 
ance variation  of  the  stub  and  the  loop  are  shown  in  Fig.  5. 


V.  Resistance  (Stub) 


KedcCdfiCe  (Stub) 


/l 

v Resistance  (FolileU,  ..1) 


Reactance 


Frequency,  f (!1Hz) 

Fig.  5 

Calculated  input  Impedance  of  0.1A  high  stub  and  loop 
(tij  MBA  Computer  Program 


TlP'pf'-lV 


Reactance,  +jX  (ohms) 


In  Figures  6 and  7,  the  impedance  variations  required  to  match  a stub 
antenna  to  a VSWR  1:3:1  by  using  a series  input,  inductive  L-network  are  shown 
(Network  type  (A)  of  Fig.  4).  The  required  series  element  variation  is 
shown  in  Fig.  6.  The  curves  R=3,  R=l,  and  R=0.33  represent  impedance  vari- 
ations where  the  real  part  of  the  antenna  impedance  transformed  by  the  series 
element  of  the  L-network  is  three  times,  equal  to,  and  one-third  respectively, 
that  of  the  desired  impedance.  The  high-  and  low-value  curves  represent 
the  3:1  VSWR  limits.  The  Series  L curve  gives  the  impedance  variation  of 
a realizable,  passive  series,  inductive  reactance.  Note  that  since  the  in- 
ductance is  lossless,  this  variation,  in  addition  to  being  realizable,  is 
also  ideal. 


Fig.  6 

Stub;  series  input  L-network  required  and  realizable  first  element  variations. 
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The  intersection  of  the  Series  L curve  and  the  R curves  is  a measure 
of  the  instantaneous  bandwidth  of  the  combination  of  the  antenna  and  the 
series  tuning  element.  To  determine  if  any  further  bandwidth  restrictions 
exist,  we  must  also  examine  the  required  impedance  variations  of  the  second 
element.  This  information  is  presented  in  Fig.  7,  where  the  three  R-value 
curves  are  again  plotted;  this  time,  however,  they  represent  the  variation 
of  the  parallel  element  of  the  L-network,  required  to  maintain  an  input 
VSWR  ^3:1.  The  realizable,  parallel  inductive  susceptance  curve, Paral lei 
L , i s also  shown.  The  remarkable  feature  of  Fig.  7 is  that  over  the  entire 
frequency  range  the  realizable  Parallel  L curve  practically  coincides  with 
the  R=1  curve.  Thus,  we  see  in  this  case,  that  the  second-  or  parallel  ele- 
ment imposes  no  significant  bandwidth  restrictions  on  the  system. 


Stub:  series  Input  L-network  required  and  realizable  second  element  variations. 
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It  is  also  possible  to  tune  and  match  the  stub  antenna  using  a shunt- 
inuuctance-input  version  of  the  L-network  (Network  type  (b)  of  Fig.  4). 

The  required  shunt  and  series  impedance  variations  have  been  calculated 
and  are  shown  in  Fig.  8 and  Fig  9,  respectively.  The  3:1  VSWR-limit  curves 
are  plotted  together  with  the  realizable  shunt-and  series  element  variations. 
These  curves  again  show  that  the  first  element  in  theL-network  (in  this  case 
a shunt  inductance)  limits  the  achievable  instantaneous  bandwidth,  although 
the  second  element  is  not  critical.  Note  in  Fig.  9 that,  in  contrast  to  Fig. 

7,  the  series  element  no  longer  tracks  the  required  variation,  and  so  does 
put  a further  limit  on  the  bandwidth.  This,  however,  is  not  a severe  constraint 


Antenna 


Generator 


/ R = 1 


R = 0. 33 


CD 

S G.03 


Frequency,  f (MHz) 


Fig.  8. 

Stub:  parallel  input  L-network  required  and  realizable  first  element  variati 


Reactance,  +JX  (ohms) 


W 


A more  striking  comparison  is  seen  in  the  curves  of  Figs.  6 and  8.  Al- 
though the  first  element  in  each  case  limits  the  bandwidth,  the  shunt  element 
variation  depicted  in  Fig.  8 permits  a far  wider  bandwidth  in  realizable  cir- 
cuits than  does  the  series  element  variation  of  Fig.  6. 

Network  types  (A)  and  (I)  in  Fig.  4 can  be  changed  to  network  types 
(a)  and  (P)  by  increasing  the  immitance  of  the  input  element  of  the  L-net- 
work  as  described  in  the  Appendix.  For  the  series  input  L-network,  there 
is  no  bandwidth  advantage  to  be  gained  by  changing  the  network;  in  fact,  a 
bandwidth  limitation  of  the  type  indicated  in  Fig.  9 is  introduced  by  such 
a change.  On  the  other  hand,  when  tuning  and  matching  the  stub  antenna  a 
change  from  Network(B)to  Network  (0  is  beneficial,  since  the  realizable  vari- 
ation of  the  second  element  will  now  track  the  required  immitance  variation. 
However,  as  determined  from  the  constraints  imposed  by  the  first  element, 
there  is  a slight  decrease  in  the  bandwidth. 


Fig.  9 

Stub:  parallel  Input  L-network  required  and  realizable  second  element  variations. 
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Reactance,  -jX  (onms) 
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A similar  analysis  of  the  L-networks  required  for  tuning  and  matching 
a loop  antenna  was  performed.  The  loop  was  assumed  to  have  the  same  height 
as  the  stub  just  considered.  However,  the  loop  was  modeled  as  a folded  mon- 
opole above  a ground  plane;  in  addition,  the  radius  of  the  grounded  vertical 
element  was  assumed  to  be  double  that  of  the  driven  element.  This  tends  to 
make  the  input  resistance  greater  than  the  input  resistance  of  the  plain  loop 
(no  radius  variations),  which  is  extremely  small  for  the  small  loop  being 
considered. 

^ The  immitance  variations  required  for  the  series  input  L-network,  (type 


A)  of  Fig.  4 for  the  loop  or  magnetic  dipole  element)  are  plotted  in  Figs. 
TO  and  11.  As  before,  the  variations  required  to  maintain  a 3:1  VSWR  limit 
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are  shown,  as  well  as  the  realizable  series-  and  shunt  element  variations. 

Note,  again,  that  the  first  element— in  this  case  the  series  capacitor—  limits 
the  instantaneous  bandwidth  severely,  but  that  the  parallel  element— also 
a capacitor— imposes  a much  less  stringent  limit  on  the  achievable  bandwidth. 
An  increase  in  the  immitance  of  the  first  element  makes  it  possible  to  change 
the  second  element  from  a capacitance  to  an  inductance,  the  immitance  varia- 
tion of  which  would  track  the  desired  variation.  However,  in  practical  cases, 
the  inductance  adds  more  loss  to  the  system  than  the  capacitor  does,  and  so 
efficiency  decreases.  Thus,  due  to  other  considerations  such  as  increased 


Fig.  11. 

Loop:  series  Input  L-network  required  and  realizable  second  element  variations. 
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The  variations  of  the  parallel  input  L-network  that  were  necessary  to 
tune  and  match  the  loop  are  shown  in  Figs.  12  and  13.  A comparison  of  the 
curves  of  Figs.  10  and  12  shows  that  the  bandwidth  limitations  were  eased 
somewhat  in  the  latter  case.  In  addition,  the  desired  variation  and  realiz 
able  variation  of  the  second  element  tracked  fairly  well.  We  see  that,  as 
for  the  case  of  the  stub,  the  parallel-input  L-network  displayed  more  desir 
able  banuwidth  characteristics  then  the  series  input  L-network.  However, 
for  the  dimensions  considered,  the  stub  combined  with  the  parallel-input  L- 
network  exhibited  better  bandwidth  characteristics  than  did  its  loop,  L-net 
work  counterpart. 


Antenna 


Generator 


Parallel  C 


Frequency,  f (MHz) 


Fig.  12 

Loop:  parallel  input  L-network  required  and  realizable  first  element  variations. 
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Frequency,  f (MHz) 


Fig.  13. 

Loop:  parallel  input  L-network  required  and  realizable  second  element 

variations. 


variation  of  the  several  small  antenna  types  considered  during  this  study, 
as  well  as  a curve  for  the  maximum  possible  bandwidth  achievable  with  the 
stub,  L-network  combination.  As  before,  the  input  impedance  of  each  of  these 
antenna  types  was  calculated  by  computer  using  a moments-method  approach. 

It  can  be  seen  that  neither  the  slopes  of  the  1/Q  curves  nor  their  magnitudes 
are  comparable  with  the  curve  illustrating  the  bandwidth  of  the  stub-L-net- 
work  system.  Thus,  the  1/Q  variation  is  a very  poor  approximation  upon  which 
tc  estimate  the  bandwidth  of  an  antenna.  The  maximum  bandwidth  was  determined 
by  noting  from  Fig.  8 (as  from  all  the  other  figures)  that:  (1)  a zero-slope 

imnitarce  variation  is  the  limit  that  can  ever  be  achieved  using  passive 
lossless  elements,  i.e.,  elements  obeying  Foster's  reactance  theorem,*, and 
(2)  that  this  zero-slope  characteristic  can  be  closely  approached  by  replac- 
ing each  of  the  indivudual  elements  with  networks  of  elements. 

3.  CONCLUSIONS 

We  have  seen  that  the  efficiency  of  a small  antenna  is  determined  by 
the  losses  present  in  the  tuning  and  matching  networks  used;  and  that  reso- 
nance is  a desirable  condition  for  maximum  overall  efficiency.  We  have  also 
j stated  that  by  loading  the  antenna--by  top  capacities,  inductors,  or  combi- 

j nations  of  both— the  efficiency  of  a small  antenna  can  be  improved.  These 

techniques  are  well  documented  in  the  literature. 

With  regard  to  bandwidth,  we  have  examined  very  simple  structures  and 
their  L-network  tuning  and  matching  systems,  and  have  shown  that  even  in 
such  simple  systems,  the  Q of  the  antenna  does  not  constrain  the  bandwidth. 

We  nave  also  shown  that  for  the  case  of  the  two  element  L-network  there  are 
differences  in  bandwidth  resulting  from  the  various  possible  configurations, 

I and  that  the  first  element  in  such  a network  causes  the  dominant  bandwidth 

; constraints.  To  the  author's  knowledge,  this  fact  has  not  been  disclosed 

1 before  in  the  literature. 

4.  RECOMMENDATIONS 

Other  antenna  configurations,  such  as  top-loaded  monopoles  and  folded 
monopoles,  are  being  investigated  as  a part  of  a follow-on  program  to  deter- 
nr'ne  the  bandwidth  constraints  imposed  by  an  L-network.  The  relationship 
oetween  bandwidth  and  antenna  size  should  be  examined  more  carefully.  As- 
pects of  this  problem  will  be  discussed  in  Part  II  of  this  report  series. 

In  addition,  a more  complicated  network— using  three  elements  in  the  form 
of  a "tee"  or  a "pi"  should  be  examined  to  determine  the  bandwidth  constraints. 


* 

Foster's  reactance  theorem  in  simplified  form,  states  that  the  slopeof  a 
reactance  function  as  frequency  is  always  positive,  and  must  be  greater 
than  the  slope  of  a straight  line  from  the  origin  to  any  point  on  the  curve 
of  the  function. 


22 


T« 


APPENDIX 

Equations  for  Calculating  the  Required  Immitance  Variations  of  an  L-Net- 
work  Used  to  Tune  and  Match  an  Antenna  to  a Source  or  Load. 

The  two-element  L-network  provides  the  proper  transformation  to  tune 
and  match  an  antenna  to  a source  or  load  at  any  given  frequency.  As  an  ex- 
ample of  this  tuning  procedure,  consider  the  Smith  chart  plot  of  Fig.  A-l. 

2nd  Element: 


We  will  assume  that  we  want  to  match  a small  stub  antenna  using  an  L-network, 
and  that  the  impedance  of  the  antenna  at  some  given  frequency  is  at  point(T) 
Fig.  A-l.  (It  should  be  remembered  that  by  simply  reflecting  all  the  points 
of  interest  in  our  discussion  through  the  real  axis  on  the  Smith  chart,  the 
transformations  to  be  shown  will  apply  to  the  L-network  required  to  match 
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tr.c  loop  antenna).  Note  also  in  Fly.  A-l,  that  both  the  real-part  circle 
K= 1 and  its  inverse  (dashed  circle)  are  shown.  We  use  a series  input  L-net- 
work,  and  choose  the  first  eleingnt  immitance  to  provide  a transformation 
of  impedance  (T)  to  impedance  (T),  i.e.,  to  intercept  the  inverse  R=1  (dashed) 
circle.  All  tRese  transformations  occur  on  constant  R lines,  since  the  net- 
work elements  are  assumed  to  be  lossless.  The  next  step  is  to  invert  from 
point  (?)  to  point  (3)  on  the  R=1  circle.  The  immitance  of  the  second  ele- 
ment is  then  chosen  to  bring  impedance  (D  to  the  center  of  the  chart,  i.e., 
a perfect  match.  In  general,  if  the  values  of  the  series  and  parallel  ele- 
ments are  adjusted  at  each  frequency  of  interest,  a perfect  match  can  be 
achieved.  (Of  course,  as  has  been  shown  in  the  main  body  of  this  report, 
such  matching  cannot  be  achieved  over  a very  broad  band  on  an  instantaneous 
basis). 

The  transformation  brought  about  by  the  parallel  input  L-network  is 
shown  in  Fig.  A-2.  We  start  with  the  same  impedance  (l),  but  now  the  first 
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step  is  an  inversion  to  point  (2) . Then  the  shunt  element  immitance  is 
chosen  to  cause  a shift  to  point  (T)  on  the  inverse  R=1  circle,  A second 
inversion  brings  us  to  point  (4)  on  the  R=1  circle;  then  the  series  element 
immitance  is  chosen  to  yield  a perfect  match,  point  (f). 

The  first  transformation  in  the  examples  shown  in  Figs.  A-l  and  A-2  could 
have  been  extended  somewhat  further  by  increasing  the  immitance  of  the  first 
element  to  intercept  the  inverse  R=1  circle  at  a point  conjugate  to  the  first 
intercept.  This  transformation  is  shown  in  Figs.  A-3  and  A-4  for  both  series- 
and  parallel  input  L-networks,  respectively.  The  result  of  this  operation 


A. 3.  Type  A'  (series  input)  L-network  transformation. 
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A. 4.  Type  B'  (parallel  input)  L-network  transformation . 


is  a change  in  the  sign  (and  tnus  in  the  element  type)  of  the  immitance  re- 
quired for  the  second  element.  The  complete  transformation  paths  are  shown 
in  Figs.  A-3  and  A-4. 

The  four  L-network  configurations  just  discussed  and  the  equivalent  four 
networks  used  when  considering  a loop,  represent  all  possible  permutations. 
If  the  complex  impedance  versus  frequency  curve  for  an  antenna  is  known 
the  preceding  tuning  and  matching  procedure  could  be  used  to  find  the  re- 
quired immitance  variations  of  the  two  elements  in  the  L network  over  the 
entire  frequency  range.  This,  in  fact,  was  done  to  generate  the  curves  pre- 
sented in  the  main  report.  In  this  way,  a good  estimate  of  the  maximum 
bandwidth  achievable  at  the  highest  efficiency  is  obtainea. 
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We  will  derive  two  simple  expressions  which  give  all  of  the  necessary  n 

information.  Assume  an  immitance  I,  s.t.  ] 

I = RP+jlP  (A-l)  ! 

where  RP  is  the  real  part,  and  IP  is  the  imaginary  part  of  I.  Recall  from 
the  transformations  depicted  in  Figs.  A-l  and  A-2  or  figs.  A-3  and  A-4  that 
the  first  step  in  the  transformation  consists  of  several  parts,  i.e.,  either 
a shift  to  the  inverse  R=1  circle;  or  an  inversion,  followed  by  a shift  to 
the  inverse  R=1  circle. 

The  final  step,  i.e.,  inversion  to  the  R=1  circle,  provides  the  equation  ■ 

for  calculation  of  the  required  immitance  variation  of  the  first  element.  For  j 

lossless  elements,  the  first  transformation  occurs  along  a constant  resistance  j 

circle  R=RP  . The  new  immitance,  I , is  given  by:  < 

1 


I'  = RP 1 +j IP 1 , (A-2) 

where  in  the  case  of  the  series  input  network,  f?P‘=RP  in  Eq.  (Al);  or  when 
using  the  parallel  input  network  RP,=RP/(RP‘::+IPt).  IP’  is  the  new  imaginary 
part.  Inverting,  we  obtain 

p « __R_P: - j IP1  . (A-3) 

(RP*)2  + (IP*)2  (RP*)2  + (IP*)2 

But  upon  inversion,  the  R=1  circle  is  intercepted;  thus  (A-4) 

RP1  = 1 

(RP1)2  + (IP~)? 


Solution  of  (A-4)  for  IP1  yields 


IP*  = HP 1 ( 1 - RP  ‘ )*. 


(A-5) 


Thus  the  magnitude  of  the  required  immitance  for  the  first  part  of  the  trans- 
formation is  given  by  , 

, 

|AIP,|=  | j IP,  j - j IP,  j|, 

where  in  the  series  input  case,  IP,=IP;  or  in  the  parallel  input  case, 

IP,=IP/(RP2+IP2). 


C7 


(A-6) 


The  magnitude  of  the  required  inmitance  variation  for  the  second  element 
is  given  by 


AIP2  = 


IP' 

(RP 1 )2  + (IP1)2 


or,  using  Eq.  (A5),  by 


(A- 7 ) 


AIP2  = 


(A-8) 


We  generalize  the  derivation  to  provide  the  immitance  variations  required 
to  intercept  any  real-part  circle  by  setting  Eq.  (A-4)  equal  to  the  desired 
real  part,  r,  i.e.. 


RP1  = r, 

(RP1)2  + (IP')2 


(A-9) 


from  which  we  find 


IP1 


= -.|~RP'  (1-rlp7)? 

and  substituting  Eq.  (A10)  into  Eq.  (A7),  we  have 

AlPn  =1  r(l-rRP' )’  ■/ r \ IP'. 
c RP'  \RP 1 J 


( A— 10) 


(A-ll) 


Equations  (A-6),  (A-10),  and  (A-ll)  have  been  used  to  generate  the  curves 
presented  in  the  main  report.  If  the  input  variation-with-frequency  of  the 
antenna  is  known,  the  required  L-network  element  variations  can  be  found 
and  compared  to  realizable  lossless  element  variations  in  order  to  determine 
the  bandwidth. 
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